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Abstract

The cold active B-galactosidase isolated from Arthrobacter
sp. C2-2 was expressed and fully characterized. The dif-
fraction measurements were completed and the 3D struc-
ture determination is in progress. Comparison of
preliminary structure shows that the enzymes from
psychrophilic and thermophilic organisms have high con-
formation similarity in spite of homology 32 % only. A role
of mutations important for activity and the conformational
stability of the enzyme are analyzed by energy calcula-
tions.

Introduction

The B-galactosidase from Arthrobacter sp. C2-2, main sub-
ject of this study, was derived from bacteria living in
Antarctica under low temperatures (permanently below
5 °C). Its low temperature activity deserves special atten-
tion because of many practical and theoretical impacts of
enzymatic processes under ambient temperatures [1, 2].
The elucidation of low temperature adaptation of enzymes
requires knowledge of detailed molecular geometry and an
analysis of conformational changes in the active site. The
only known method being able to give complete determina-
tion of structure of large proteins is the X-ray crystallogra-
phy. Therefore, the first part of our project is to determine
the structure the above mentioned cold-active enzyme us-
ing X-ray diffraction.

Structure determination

Cold active B-galactosidase from Arthrobacter sp. C2-2 is a
large protein homological to the B-galactosidase from
Escherichia coli (sequence identity 32%). The details con-
cerning the expression, purification and determination of
basic characteristics of the protein performed in the Insti-
tute of Chemical Technology in Praha were published in [1,
2].

The protein was crystallized using hanging drop
method. Crystallization drops contained 1 pl protein solu-
tion and 1 pl reservoir solution. Protein solution: 4 mg/ml
in 10 mM potassium phosphate buffer pH 7.5, 1 mM
MgSO,4, | mM NaNj . Reservoir solution: 20% PEG 4000,
200 mM NaCl, 200 mM ammonium sulphate in 100 mM
Na citrate buffer, pH 5.6. The final crystals were obtained
by microseeding, i.e. doping the crystallization drop by

several microcrystals obtained in preliminary crystalliza-
tion attempts. The crystal was soaked in the mother liquor
with 20 % ethylene glycol shortly before measu-rement.

In spite of large and optically perfect crystals, the
successful X-ray diffraction measurement required high in-
tensity of primary X-ray beam. The final measurement was
performed at the source of synchrotron radiation ESRF in
Grenoble at the beam line ID 29. Because of large unit cell
(a=140.1,b=205.7,c=140.5 A, B=102.3°, space group
P2,), the diffraction data was collected with small oscilla-
tion angle 0.1°. Total 1800 frames gave 28 millions of mea-
surements up to resolution 1.9 A. They were processed by
special version of the HKL package of programs [3] for vi-
ruses. All data processed up to 1.9 A gave 579289 unique
reflections, Ry, = 8.5 % and completeness 95 %.

The phase problem was solved by the program
EPMR (molecular replacement by evolutionary search [4])
using the structure of B-galactosidase from Escherichia
coli (PDB code 1DPO, resolution 1.7 A) as a model [5]. In
spite of low homology, the global structure of one mono-
mer unit appears similar. The structure building of the pro-
tease tetramer into the maps of electron density and the
refinement is under progress.

The Fig. 1 shows a cartoon-view of a monomer of the
(-galactosidase from Arthrobacter sp. C2-2 obtained by
homology modeling using program Modeler [6] starting
from the B-galactosidase from Escherichia coli (homology
~30 %). Conformations of side chains of the Glu442 and
Glu521 in the active site of B-galactosidase are shown in
stick and ball model.

Conclusion

The x-ray structure determination using synchrotron ra-
diation provides a reliable and sufficiently exact experi-
mental view of the molecular structure even in the case of
large protein macromolecule like this structure. This infor-
mation gives a complete geometrical view on binding and
mobility of the products, intermediate products and sub-
strates (measured after slight mutation of the active site)
which is necessary for a reliable description of the enzy-
matic process. The mutation experiments and research of
B-galactosidase complexes necessary for a reliable inter-
pretation of low temperature activity of B-galactosidase
from psychrotrophic microorganism Arthrobacter sp. C2-2
are under way.
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Figure 1. Monomer of -galactosidase from psychrotrophic microorganism Arthrobacter sp. C2-2 living in Antarctica under low

temperature.
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Abstract

Some recent applications of powder diffraction in biology
are shortly reviewed. Not only structure refinement of pro-
teins from powder data obtained by high-resolution syn-
chrotron but also investigations of real structure of
biological materials like wood. Other examples are men-
tioned from studies of biological membranes by X-ray re-
flectivity, grazing incidence and standing waves.

1. Introduction

In the last decade, single crystal X-ray diffraction has be-
come a routine and well-known technique of protein struc-
ture analysis. Synchrotron radiation is often required and
preparation of suitable single crystals may be not so easy.

However, this is not the only use of X-ray diffraction
and X-ray scattering in biology. In this short review, sev-
eral other examples will be mentioned - powder diffraction,
X-ray reflectivity, grazing incidence, standing waves.
These techniques are mainly used for structural investiga-
tions of biological membranes.
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2. Powder diffraction

In last years, structure refinement and even structure deter-
mination from powder diffraction has become more and
more popular. This has been routinely used in chemistry,
physics and also materials science. For large molecules it is
rather complicated because the information in powder pat-
tern is much lower than in full single-crystal pattern (actu-
ally one-dimensional projection) and moreover, huge
number of diffraction lines leads to their strong overlap.
However, recently successful attempts of protein structure
refinement have been performed due to fast development
in instrumental techniques, namely high-resolution diffrac-
tion with synchrotron radiation. Pioneer work was pre-
sented by von Dreele [1, 2] and it started series of other
experiments, especially at ESRF high-resolution beamline
[e.g. 3a, 3b]. Other experiments were performed in Japa-
nese synchrotron SPring8, Brookhaven National Labora-
tory (NSLS) and in Argonne National Laboratory.
Different proteins were studied - lysozymes, ribonuclease,
myoglobin, bovine insulin, trypsines. Even the lifetime of
the samples at room temperature may be not very long (e.g.
2 minutes), it is sufficient for collection of high-quality pat-
terns. The lifetime can be increased at lower temperatures
but it has also been found that the quality of powder can of-
ten been deteriorated at low temperatures. Phase changes
can appear at low temperatures.

Current molecular weight limit is moving from 50 kDa
to 100 kDa. There is stil no present way of solving protein
structures ab initio from powder data, but model building
and molecular replacement work quite well. The combina-
tion of Rietveld- and stereochemical/restraint refinement
has been proposed.

Experiments have also shown how powerful powder
diffraction can be for investigations of protein structure
variations with changes of external conditions. High-reso-
lution powder diffraction patterns can display considerable
sensitivity to subtle structural changes which can be seen in
peak shifts, broadening and intensity changes. Protein lat-
tice parameters determined from powder data are up to two
orders of magnitude more precise than that obtained from
typical single-crystal experiments. Distinct advantages of
powder diffraction can also be its complete immunity to
crystal fracture and to any phase change that may accom-
pany complex formation.

Of course, the biological applications of powder dif-
fraction are not restricted only to proteins. Inorganic, min-
eral parts of biological objects can be investigated as-well.
One example has been shown in preceding Meeting of the
Czech and Slovak Structural Biologists [5]. Other can be
found for example in [6].

Investigation of wood belongs to another interesting
biological application of powder diffraction. Recently, its
stress-strain curves were analysed with synchrotron radia-
tion [7] where individual wood cells could be measured
and compared with the results obtained from thin wood
foils. The deformation process is explained by stick-slip
mechanism at molecular level which plays a role of dislo-
cation gliding in metals. It was found that there is molecu-
lar recovery in the cell wall. The wood texture and its
change with the strain was investigated as well.

Similar techniques to powder diffraction are usually
used for fibre diffraction. The method has its own Web site
on Fibre Diffraction and Polymer Diffraction [8]. Itis used
for example for study of muscles [9-12].

3. X-ray scattering on surfaces and thin films
3.1 X-ray reflectivity and grazing-incidence diffraction

Interest in X-ray investigations of surface layers, thin films
and multilayers has increased dramatically during last
decadee. In addition to traditional diffraction techniques -
both single crystal and powder diffraction, new methods
have been developed: X-ray reflection, grazing incidence
diffraction and X-ray standing waves. Several review and
tutorial papers on these techniques were published in this
journal [13-17]. (Illustrations below are taken from these
references). There are also monographies devoted to the
problem [e.g. 18].

The methods found their applications especially in
physics, microelectronics, optics, technology etc. Also
some biological applications appeared and their number is
increasing in last years. Namely for study of biological
membranes.

What is the principle and what we can learn? For the
complete description of the scattering phenomena dynami-
cal theory must be used.

The pecularity of the electromagnetic waves in the
X-ray region is that the refractive index of real materials is
less than unity as the electromagnetic transitions within the
atoms are excited. Therefore, the effect of total reflection
of X-rays occurs below the critical angle of incidence (®.),
see Fig. 1, E,. Refraction index can be written in the form

n=1-6+iP
with
A A
3=""rp.; B=-—u,
o P B el

re=2.818x 10™"° m is the classical electron radius, A is the
wavelength, p. is the electron density of the material and pi,
is the absorption length. The critical angle is given by the
relation o, = 25,

In the region of hard X-rays, the angle is of the order of
a few tenths of degree. Below the critical angle, the refrac-
tive index is imaginary. Only the so-called evanescent field
penetrates into the medium up to the depth of a few nm and
the impinging intensity is speculary reflected (Fig. 1, koy)-
At the same time a wave propagates parallel to the surface.
This leads to diffraction on the lattice planes perpendicular
to the surface.

The beam is called diffracted-reflected and the diffrac-
tion grazing incidence diffraction (GIXRD). The take-off
angle is similar to the angle of incidence. The GIXRD com-
bines Bragg conditions with total reflection and it is suit-
able for study of very thin films and surface layers,
especially their lateral structure. Penetration depth is sig-
nificantly reduced with decreasing incidence angle and can
be varied over several orders (Fig. 2).
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Fig. 1. Geometry of grazing incidence diffraction. (taken from
[14]). Ej ... incident beam, E ... specularly reflected beam, Ej, ...
diffracted-reflected beam.

The reflected intensity is measured as a function of the
angle of incidence under specular conditions, e.g at an exit
angle of the same value. Then the momentum transfer of
elastic scattering is parallel to the surface normal. The
value of critical angle is determined by electron density, the
decay of the reflectivity curve is related to surface rough-
ness (faster for rough surfaces). It is of special interest for
multilayers where two kinds of maxima are observed -
Bragg peaks corresponding to the diffraction on multilayer
structure and Kiessig maxima between them due to finite
thickness of the whole multilayer. Then the total thickness,
multilayer period and number of periods can be deter-
mined. By simulation, also interface roughness can be
studied and it is possible to determine thin film density.

Different scans of diffracted-reflected beam (GIXRD)
can be realized. This method gives information on the
planes perpendicular to the surface. In general, the method
provides structural information on the crystalline, diffrac-
tion portion of the layer unlike reflectivity giving informa-
tion on both the 2D-crystalline and amorphous parts of the
layer.

Special information on height-height correlations and
fluctuations can be obtained by diffuse scatering measured
at grazing incidence (in nonspecular conditions). In such
conditions, lateral structure on mesoscopic length scale can
be investigated.

Applications to biological materials

An example of combination of all three scans applied on bi-
ological objects is described in [19], where temperature de-
pendent x-ray scattering studies are presented for thin films
of purple membranes with the native membrane protein
bacteriorhodopsin. The film was highly oriented on Si sub-
strate and this allowed application of all the techniques de-
scribed above. GIXRD revealed 2D hexagonal lattice
formed by the protein within the matrix of the lipid bilayer.
The diffraction pattern of the protein o-helices does not
rely on intermolecular correlations and could be monitored

Fig. 2. Penetration depth and reflectivity curve at grazing
incidence [14]

independently of lateral ordering of the proteins. Thermal
denaturing transition was studied. A partial unfolding of
the helices was observed rather than the complete unfold-
ing process.

Another example also uses highly oriented membrane -
phospholipid and antimicrobial peptides [20, 21].
Multilamelar samples were prepared on solid surfaces. By
the technique, the short-range order of the lipid chains in
the fluid L, can be investigated quantitatively. Mean dis-
tance between acyl chains and the associated correlation
length can be determined. The short-range order in lecithin
was found to be severely affected by the amphiphilic pep-
tide magainin 2. Significant disorder in both in the lamellar
stacking and the local molecular order in the membrane
was found. The chain-chain correlation could be monitored
at high precision.

The in-plane and out-of-plane structure of mixed
ganglioside-phospholipid monolayers was investigated at
the air-water iterface [22]. The surface methods are espe-
cially useful for probing the interaction of proteins with
monolayers - the effects ranging from protein binding and
insertion, fluidization, clustering, and domain formation.
Bacterial S-layer protein coupling to lipids was
investigated in [23]. Studies of soluble protein monolayers
supported by lipid bilayers [24] demonstrated that the equi-
librium structure is a sandwich film controlled by tunning
the chemical potentials of the lipids and the protein. Differ-
ent behaviour was observed for high and low concentration
of lipid (swelling process or mixed structure with a molec-
ular reorganization).

GIXRD studies of urease films at the air-water interface
[25] demonstrated that hexadecylamine, when spread on
top of a urease film at the air-water interface, forms a sta-
ble, well-organized structure and reflectivity measure-
ments showed that the urease film in the absence of fatty
amine molecules unfolds at the interface to a 9A-thick
layer.

A two-dimensional columnar phase in mixtures of
DNA complexed with cationic liposomes has been found
in the lipid composition [26, 27]. The structure consists of
DNA coated by cationic lipid monolayers and arranged on
a two-dimensional hexagonal lattice. Two distinct path-
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ways from the lamellar to the columnar hexagonal phase of
CL/DNA were found.

Reflectivity studies were performed on the mixed
Langmuir-Blodgett monolayers of the HIV-1 accesory pro-
tein  Vpu and the long-chain diacyl phospholipid
DLgPC[28]. They were examined as a function of molar
ratio at constant surface pressure and as a function of sur-
face pressure at maximal protein/lipid mole ratio.

3.2 X-ray standing waves method [e. g. 16, 29]

There is well-known phenomenon in perfect single crystals
- superpositon of incident and diffracted beam generates
standing waves. In the region of Bragg diffraction condi-
tion, the amplitude of the scattered wave is comparable
with the amplitude of the refracted wave and the field in-
tensity is given by the equation

1w L EIE -

I(r):‘EO‘ 1+|_h‘2 +2|_”| cos(hi+a.) |,
B, £,

where E , and E , are the amplitudes of the incoming and

diffracted wave, respectively, his the reciprocal lattice vec-
tor and a is the phase of the (£, / E,) ratio. The intensity

has a significant periodic spatial dependence in the direc-
tion of the reciprocal lattice vector. The structure of the
standing wave is determined by the ratio and the phase o.
The values of the parameters are changing drastically with
the deviation from the Bragg angle. The mutual arrange-
ment of the atomic planes and of the planes of maximum in-
tensity of the wave field is determined by a (for o = 0, the
intensity maxima are on the atomic planes, for a = -, the
atomic planes coincide with field nodes). In these distinct
cases, the interaction of the X-ray wave field with the crys-
tal is significantly different (maximal for a. = 0). The situa-
tion is illustrated in Fig. 3. The intensity of the wavefield at
the atomic planes is maximal on the high-angle side of the
reflection curve where there is also the strongest interac-
tion of the field with the atoms.

oLy B
04

0.5}
Tl -

Fig. 3. Schematic picture of the angular dependence (05-0) of the
reflection coefficient (reflection curve) - 1 (Pr), phase -2 ( o)
and the intensity of the wavefield at the atomic planes - 3 (k)
around the diffraction position [16].
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Fig. 4. lllustration of different positions of adsorbed atoms with
respect to the antinodes of the XSW field and the corresponding
yield of fluorescent radiation of the adsorbed atoms.

We can consider a monolayer of adsorbed atoms on the
surface of perfect crystal where the standing waves are
generated (Fig. 4). If the adsorbed atoms are located ex-
actly at the position corresponding to the substrate period,
related to the generated standing waves, (Fig. 4, left), the
fluorescent yield of the adsorbed atoms is identical with the
curve (3) of Fig. 3. However, if the adsorbed atoms are dis-
placed only half of the period of standing waves, the fluo-
rescent yield dependence on the diffraction angle is
reversed because maximal interaction of the adsorbed at-
oms with the standing waves is for the case when maxima
of the waves fall on the adsorbed atoms (Fig. 4 - middle). It
can be seen from the strongly varying curve that it is sensi-
tive even to very small displacement of the layers with a
relative experimental accuracy of the order of 1%. Thus, it
is possible to detect a displacement of the layer of thou-
sands of the period of the standing wave. This is consider-
ably lower than the wavelength of the incident radiation.

The right part of the figure corresponds to the case of
disordered layer. In this case, there is no coherent position
of the atoms and equal fractions of the atoms correspond to
the nodes and antinodes of the standing waves. The shape
of the curve reproduces the reflection curve (Fig. 3, 1).

In general, for partially ordered layers we can deter-
mine the so-called coherent position - mean plane of the
adsorbed atoms with respect to the diffracting planes, and
the coherent fraction describing the static and dynamic
(thermal) displacements of the atoms from the coherent po-
sition.

The X-ray standing wave (XSW) method consists in
measurement of secondary radiation under the condition of
diffraction.- dependence of the yield of secondary radiation
on the diffraction angle (Fig. 5). Usually, fluorescent radia-
tion or photoelectrons are detected. The latter have advan-
tage of very small yield depth. In principle, other kind of
secondary radiation could also be used (Compton
radiation, Auger electrons). Since the fluorescence is ele-
ment specific process, it is possible to investigate different
types of surface atoms separately (marker atoms). This
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Fig. 5. Experimental arrangement for XSW measurement

chemical selectivity is another goal of the method. More-
over, the energy loss of photolectrons is characteristic of
the depth at which the electron was excited and the tech-
niques can be used for depth-resolved studies.

For investigation of organic materials long-period
standing waves should be generated (50 - 1000 A).

The first possibility is to use total reflection from mirror
surface. The standing wave is formed as an intereference
between incident and specularly reflected waves. The am-
plitude, phase and the period depends on the incidence an-
gle. At 6 = 0 a standing waves node lies at the mirror
surface and the first antinode infinitely far. As the incident
angle increases the first antinode moves inward until the
critical angle when it coincides with the mirror surface. Ad-
vancing above the critical angle, the first antinode remains
at the mirror surface while the amplitude of the standing
waves dies off rapidly. This method can be called vari-
able-period XSW and it is a powerful tool for studying
membrane structure [30]. Typically, measurements are
made by scanning in angle 6 and simultaneously monitor-
ing the reflectivity and fluorescence yields from the ad-
sorbed atoms.

The second way is to use the Bragg diffraction from
layered synthetic microstructures (alternating low and high
electron density materials) with large period [31]. [t usually
consists of 10-200 layer pairs. Interference of the incident
and diffracted beam results in standing wave with the pe-
riod determined by multilayer d-spacing and the phase
varying drastically through narrow Bragg diffraction angu-
lar range. Because the angular width of the Bragg peak is
on the order of a fraction of miliradian, the period of stand-
ing wave remains approximately fixed and equal to the
d-spacing of the multilayer during the course of a typical
XSW measurement.

Application to biological materials

This kind of standing waves is used for study of
biomembranes, heavy ion penetration through organic
bilayers and multilayers.

A review of membrane structure studies using XSW
has been published in [32]. The review discusses mem-
brane structure from the perspective of membrane lipid and
protein topology and of the aqueous region close to the
membrane surface. XSW is a method capable to give direct
structural information with atomic resolution in an ele-
ment-specific manner on samples that may take the form of

isolated membranes or lipid monolayers. Moreover it can
be used for both ordered and disordered systems. The
method comprises the one-dimensional projection of the
spatially averaged in-plane structure along the normal to
the supporting solid surface. It can also be used to monitor
membrane-related dynamic processes (membrane-lipid
phase transitions, ion movement in membrane systems,
diffusion). There is a perspective for investigation of pro-
tein folding, membrane-protein insertion, surface poten-
tial-driven rearrangements in membrane associated ion,
lipid, and/or protein distributions and surface binding.

Usually, distribution of marker atom above the sub-
strate is modelled, reflectivity and fluorescence yield cal-
culated and compared to experimental data. Initially, a
layered model of refractive index is used. By adjusting the
interfacial roughness, reflectivity is fitted and subsequently
fluorescence calculated.

LB films are frequently used as models for
biomembranes. They also have been studied by the XSW
method (zinc atoms distribution in LB trilayer of Zn and Cd
arachidate). Membranes up to 1000 A thick were studied
with A resolution [32].

For investigation of membrane-protein arrangement
and behaviour in specific environment, series of lipids and
proteins specifically labeled with approapriate marker at-
oms must be prepared. Because many membrane proteins
contain heavy atoms naturally, they are ideal candidates for
structural biology studies. These include for example stud-
ies of topological relationship of the electron-transfer pro-
tein, cytochrome c¢; the biotin-streptavidin complex;
protein kinase C; phospholipase A2; bacteriorhodopsin. In
[32], the studies of cytochrome ¢ bound as a monolayer to a
flat supported lipid alayer on an XSW-generating surface is
presented. It was shown that the protein retains its globular
shape and is hexagonally close-packed while adsorbed at
the silver mirror surface.

Recently, also the in-plane structure of the
biomolecular films (acyl chain ordering) was studied using
resonant X-ray beam coupling principle [33]. In this ap-
proach, the samples are directly incorporated in the X-ray
waveguide [34] created artifically from suitable substrate
and a cap layer. The resonantly enhanced diffraction signal
can then be measured by tuning the incidence angle to a
resonant mode of waveguide.

In conclusion, it can be summarized that recent applica-
tions of both traditional (powder diffraction) and rather
new (surface scattering) X-ray techniques revealed amaz-
ing possibilities for structural studies of biological systems.
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